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Abstract 
In the basic oxygen steelmaking (BOF) steel is tapped through the tap-hole. This piece is made of MgO-C refractories and 
may contain metallic agents, such as aluminium, silicon, magnesium or a combination of them. There are different 
alternatives to improve tap hole performance during service, one of them is to improve refractory material properties 
according to the main stresses and another one is to optimize the design of the inner channel in order to control steel flow 
patron and pressure distribution to minimize turbulences. The aim of this paper is to evaluate un-used tap-holes from 
different sources in order to select the adequate quality in terms of operational requirements and to establish a 
characterization procedure.  
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1. Introduction 
Tap-hole change is a usual repair routine that limits availability of the converter. Its useful life is 
determined by: its quality/ design, tapping time and temperature, steel/ slag chemical composition. 
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The main wear mechanisms of BOF tap-holes are: oxidation of carbon by reducible oxides such as FeO and 
MnO and by highly oxidized steels, erosion by molten steel flow and chemical corrosion of MgO grains. 
In this study it is presented the characterization of nine different tap-holes, which included determination of 
chemical, mineralogical, physical and mechanical properties at room temperature and post-treatment at 
1350ºC. The aim is to establish a procedure of evaluation for the selection of these pieces. 
 
2. Experimental procedure 
The identification of the materials evaluated and MgO and C contents are shown in Table 1. Tap-hole 
characterization includes: 
x Determination of bulk density and apparent porosity of as received and coked specimen according to the 
ASTM 830 Standard. The coking of the samples was carried out in a coking box fulfilled with 
metallurgical coke and heated in a chamber furnace during 4 hours; 
x Determination of the weight loss at 950ºC and chemical composition by X-ry fluorescence (XRF); 
x Determination of the cold crushing strength and hot modulus of rupture at 1350ºC. 
x Identification of crystalline phases by X-ray diffraction (XRD) and microstructural analysis. 
x Oxidation test at 900ºC with holding times of 2h, 4h, 8h and 16h; determination of the decarburized layer 
and residual cold crushing. 
Table 1. Sample identification 
Supplier Quality MgO (%) C (%) 
I A 81 12 
B 92 6 
II - 80 15 
III - 88 6 
IV A 76 13 
B 93 6 
V A 87 6 
B 84 9 
 
3. Results and Discussion 
Table 2 shows a comparative summary of the main properties of the different tap-holes evaluated, which 
shows that: 
x Samples IV-A and IV-B have the best values of bulk density and apparent porosity. It is important to say 
that the low apparent porosity of material IV-B is due to the impregnation process of this quality. 
x Samples IV-B, V-A and I-B have the lowest apparent porosity after the coking treatment. 
x The best oxidation resistance corresponds to samples I-A, IV-A and V-A. 
x Materials with the best values of cold crushing strength in as-received state are I-B, III, IV-A, IV-B and V-
B. 
x Materials IV-B, V-A and V-B have the best cold crushing strength after the coking process. 
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x After the determination of the hot modulus of rupture, samples I-A, V-B and V-A have better mechanical 
properties at high temperature. 
x Depending on the quantity of MgO electrofused grains, determined by optical microscopy, materials with 
better slag corrosion resistance would be V-A and I-A and I-B. Figure 1 shows micrographs in these three 
tap-holes. 
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Fig. 1. Micrographs of three tap-hole materials evaluated 
3.1. Oxidation resistance 
Hocquet describes the wear of carbon-containing refractories can simply be described with a two-step 
process: oxidation of carbon at temperature above 600ºC (see Fig. 2) and corrosion by penetration of molten 
metal or slag. In order to inhibit or slow down the oxidation process, metal (Al, Si, Al-Mg, etc.) or carbide 
(B4C) additives are added to the refractory composition. 
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Table 2. Comparative summary of main properties of the nine tap-hole pieces 
Sample I-A I-B II III IV-A IV-B V-A  V-B 
Bulk density as-received (g/cm3) 2,95 3,08 3,02 2,82 2,7 3,12 2,97 2,92 
Apparent porosity as-received (%) 8,1 4,4 5,6 6,3 3,3 0,4 3,4 8,2 
Bulk density post-coked at 1150ºC x 4h 
(g/cm3) 2,89 3,02 2,98 2,75 2,69 3,02 2,96 2,88 
Apparent porosity post-coked at 1150ºC x 4h 
(%) 11,6 8,9 9,3 13 12,9 8,1 7,0 11,5 
Decarburized layer (mm) 
7,4 5,0 7,7 8,1 6,4 9,2 5,1 7,3 
C.C.S. as received (MPa) 28 34 34 20 > 26 39,5 - 31,1 
C.C.S. post-coked (MPa) 29 15 28 14 - 32,1 31,9 33,0 
HMOR at 1350ºC (MPa) 13 6,5 - - - 6,9 11 12 
MgO electrofused grains (%) 90 80 - - 70 70 92 50 
Chemical composition (%) 
MgO (%) 81,7 83,1 83,8 77,1 71,8 87,0 81,4 83,3 
Al2O3 (%) 7,2 4,4 4,6 4,0 6,6 0,16 5,1 6,5 
SiO2 (%) 1,7 1,9 3,5 1,7 6,3 1,3 1,3 1,6 
CaO (%) 1,0 1,4 1,1 1,3 0,6 1,7 1,1 0,9 
Fe2O3 (%) 0,4 0,5 0,5 0,5 0,4 0,2 0,5 0,4 
PxC (%) 7,7 8,5 6,2 15,2 14,1 8,6 10,3 7,1 
XDR 
Periclase-MgO 
9 9 9 9 9 9 9 9 
Graphite-C 9 9 9 9 9 9 9 9 
Aluminium-Al 9 9 9 9 9 9 9 9 
Silicon-Si - - 9 9 9 - - - 
Mg 9 - - - - - - 9 
Decarburized layer (mm) 
2 h 0,5 2,4  3,8   1,4 2,8 
4 h 2,7 4,8  5,3   2,7 5,1 
8 h 3,8 5,9  8,0   4,2 6,3 
16 h 7,4 8,0  12,3   7,5 9,3 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Oxidation initial temperature of graphite and phenolic resin 
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One way to quantify or to evaluate carbon oxidation in refractory materials is through the oxidation test and 
measurement of the decarburized layer. 
The evolution of the decarburized layer vs. holding time at 900ºC for five samples is presented in Figure 3. 
This test method allows evaluating the oxidation that suffers the tap-hole during downtimes. During this time, 
refractory temperature is maintained with external heating equipments introduced through BOF mouth. 
Samples I-A and V-A have similar oxidation resistance, although the latter contains more organic material. 
In time, material I-B has a similar behavior of qualities I-A and V-A. 
 
 
Fig. 3. Evolution of the decarburized layer in time, at 900ºC – air atmosphere 
Regarding oxidation resistance, after treatment at 1150ºC during 4 hours, the following materials have less 
decarburized layer: V-A and I-B. These two materials contain similar percentage of antioxidant agents (Table 
3). The quantity was estimated from the X-ray diffraction. Instead, sample IV-A contains higher quantity of 
antioxidant agents but with greater post-coked apparent porosity than the other two afore mentioned materials. 
Materials I-A and V-B have similar oxidation behaviour, associated to a similar content of additives and of 
graphite and, as well as, similar apparent porosity values after coking. 
Table 3. Main crystalline phases 
Quality I A I B II III IV A IV B V A V B 
Decarburized layer (mm) 7,4 5,0 7,7 8,1 6,4 9,2 5,1 7,3 
Periclase-MgO 92% 88% 92% 83% 83% 98% 87% 92% 
Graphite-C 6% 9% 4% 13% 12% 1% 10% 6% 
Aluminium-Al 2% 2% 2% 2% 3% 1% 3% 2% 
Silicon-Si - - 1% 1% 2% - - - 
Mg Traces - - - - - - Traces 
 
After some time at high temperature and under oxidizing conditions, carbon-containing refractory materials 
show a decrease between 20 and 60% in the mechanical properties (see Fig. 4). So, it must be taken into 
account that when a tap-hole is under an oxidizing atmosphere, there is a thickness loss due to the hot face 
oxidation and a mechanical strength decrease. 
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Fig. 4. Cold crushing strength after different holding time under oxidizing atmosphere 
In summary, antioxidant quantity and distribution and graphite quality, as well as apparent porosity of the 
material, influence directly on the oxidation resistance. Material IV-A has the best oxidation behavior; then, 
depending on the oxidation test vs holding time, samples V-A and I-B follow. 
3.2. Corrosion resistance 
Koyago et al established that slag corrosion resistance of MgO-C refractory is directly related to the content 
of fused magnesia: the greater the fused MgO percentage, the great the corrosion resistance. 
To evaluate slag and liquid steel penetration, it is considered an index defined by the product between the 
decarburized layer and post-coking apparent porosity (Table 4). Material V-A has the best behaviour, resulting 
from its low porosity after the thermal treatment and high oxidation resistance. 
Table 4. Index to evaluate the resistance to slag and liquid steel penetration 
Quality I A I B II III IV A IV B V A V B 
Index (%mm) 86 44 72 105 83 73 36 84 
3.3. Abrasion resistance 
HMOR (Hot Modulus of Rupture) in an indirect measure of the resistance to physical abrasion by steel. 
Koyago stated that this property is independent of fused magnesia quality and quantity in the refractory brick. 
Figures 5 shows the dependence of MgO-C brick abrasion by molten steel on the hot modulus of rupture, at 
1650ºC-1700ºC and at 100 r.p.m. This figure indicates that abrasion resistance is increased as the hot modulus 
of rupture increases. HMOR values at 1350ºC of the tap-holes evaluated (Table 2): material I-B has the lowest 
abrasion index.  
Also, the residual mechanical strength must be considered after tap-hole heating. So, depending on the tests 
performed, the tap-hole material with best properties against abrasion is V-B, following V-A and I-A. 
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Fig. 5. Relationship between abrasion index of MgO-C bricks by molten steel and HMOR (by Ichikawa). 
By reaching a dense structure reducing carbon content and adding metallic particles, the mechanical 
strength at high temperatures is increased. In turn, this improvement in hot strength affects thermal and 
mechanical spalling resistance. This leads to balance both properties (HMOR vs spalling resistance). 
4. Conclusion 
According to the characterization tests performed on eight different tap-hole qualities, it was found 
materials with the best properties for each stress. 
During service, a combination of three wear mechanisms (oxidation, corrosion and abrasion) takes place; 
then, the selection of a tap-hole refractory material must have a balance of: apparent porosity (as-received and 
post-coking), percentage of MgO fused grains, decarburized layer, cold crushing strength after the coking 
process and hot modulus of rupture. 
Depending on the tests performed, material V-A is the most suitable for application and is currently being 
used in the converters. Qualities II, III, IV and I-B have inferior properties with respect to the previous one. 
At laboratory scale, material I-A has better oxidation and corrosion resistance than quality I-B, but not for 
abrasion resistance. 
The alternative quality V-B has better abrasion resistance to quality V-A. 
During the BOF stops, continuous passage to flame affects the properties of the tap-hole, in special, matrix 
carbon oxidation and reduction in mechanical strength. Also, it has to be outlined that, during cooling to room 
temperature, tap-holes with the only addition of Al as antioxidant, will present cracks and suffer piece 
disintegration. 
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